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Abstract 

Conventional superconducting qubits have used Josephson junctions as an essential part to pro¬ 
vide anharmonicity for well-separated energy-level spacings. However, because a superconducting 
ring without Josephson junctions has intrinsically well-separated energy-level spacings, Josephson 
junctions are not necessary as long as one can achieve single-qubit operations. We show that the 
orbital angular momentum of light can be adopted as a qubit-control means and can eliminate 
the need for Josephson junctions. The feasibility study reveals that the proposed qubit has many 
advantages over the previous ones. The lifetime of the qubit is extended due to the lack of the 
junction resistance. Very fast (sub-nanosecond) qubit manipulation in both single- and two-qubit 
gate is achieved. Without Josephson junctions, the fabrication process is simple and the deviations 
in the characteristics of each qubit can be improved. 
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Superconducting qubits are perceived as one of the promising candidates to implement 
large-scale quantum computers. There have been several proposals for qubits exploiting the 


unique features of superconductivity Examples include charge qubits |5|, phase qubits 

j^, and flux qubits j?-^. Until now, all superconducting qubits have used Josephson junc¬ 
tions as an essential part to provide anharmonicity for well-separated energy-level spacings. 
Although Josephson junctions have played crucial roles in superconducting qubits, small 
resistances in the junctions cause dissipation which limits the lifetime of qubits. Therefore, 
it would be useful to eliminate the need for Josephson junctions. Additionally, a no-junction 
scheme will make the fabrication process much simpler. This letter will demonstrate that 
the elimination of Josephson junctions is possible if we adopt the orbital angular momentum 
(0AM) of light as a qubit-control means. 

Let us take a simple look at the 0AM of light. In addition to spin angular momentum (i.e., 
circular polarization), photons called twisted photons can have orbital angular momentum 
{l(] . 11]. As a solution of the paraxial wave equation in cylindrical coordinates, the Laguerre- 
Gaussian (LG) beam has a helical-shaped wavefront (see Fig. 1) and can carry orbital angular 
momentum. The intensity profiles of LG beams are ring-shaped and are zero at the center of 
die beams. Among many interesting experiments recently conducted with the 0AM of light 
, we specifically pay attention to experiments where particles were made to rotate in 


n 


12 


an orbiting motion by the 0AM of light 


13l-ll5| It is natural to imagine that supercurrents 


in a superconducting ring can also be controlled by the 0AM of light, and this letter focuses 
on this prospect. 

The purpose of this letter is to show that a simple superconducting ring that has no 
Josephson junction can be a novel flux qubit. The reason why no previous attempt has 
been made in this direction might be because there was no means to achieve single-qubit 
operations without Josephson junctions. In this letter, we provide a theoretical analysis that 
shows that any single-qubit gates can be achieved by the 0AM of light without junctions. 
Two-qubit gates, state preparation and readout are achieved by well-developed methods for 
the previous flux qubits. 

We first survey the energy level structure of a superconducting ring with radius r, width 
tc, and depth d (see Fig. 2(a)). For simplicity, we consider a thin-wire ring in which w/2 and 
d/2 are smaller than the London penetration depth A^. Then, we can safely assume that 
the supercurrent has a uniform distribution over the cross-sectional area of the wire. In this 
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FIG. 1. Laguerre-Gaussian (LG) beam, which has a helical-shaped wavefront and a ring-shaped 
intensity profile. The figure illustrates LGq mode. 


situation, and in the absence of external fields, the fluxoid quantization condition 
gives discrete energy levels 



En — 


(n$o)' 


2L 


T 


( 1 ) 


where n is an integer, $o is the flux quantum, and Lt = Ls + Lk is the total inductance 


(sum of the self-inductance La and the kinetic inductance L 


K 


18 l-l 2 fll|). As Fig. 2(b) shows, 


the energy-level spacings are well separated, despite the two-fold degeneracy except at the 
ground state. 



FIG. 2. (a) Geometry of a superconducting ring without Josephson junctions, (b) Energy levels of 
the ring, which have well-separated spacings. 
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Let us obtain the eigenfunctions corresponding to the energy levels of Eq. (1). Qnantnm 
mechanically, snperelectron states are well-described by a single macroscopic wavefnnction 
d' (x, t) because all superelectrons (Cooper-pairs) behave coherently jl^ . . The only dif¬ 
ference between T(x, t) and an ordinary single-particle wavefnnction is that 

corresponds to the number density of Cooper-pairs, whereas is the probability density 
of a single particle. The normalization condition for d'(x,t) is J \l/*(x, t)\l/(x, = N*, 

where N* is the total nnmber of Cooper-pairs in a bnlk superconductor. Because we are 
considering a thin-wire ring, the system reduces to a one-dimensional problem in which the 
only coordinate is the azimuthal angle ip. With these considerations and requiring single¬ 
valuedness of the wavefunctions, the energy eigenfunctions are 


/ N* 


( 2 ) 


where u)n = En/h. 

To investigate the influence of the 0AM of light on a superconducting ring, we need a 
mathematical expression of LG beams. The modes of LG beams are expressed as LG^, in 
which the 0AM per photon is Ih and its intensity profile has p -|- 1 rings. In cylindrical 
coordinates (r, ip, z), we assnme that the beam is propagating along the z direction and that 
the beam center coincides with the center of the superconducting ring. LG beams can be 
described by vector potential only, even thongh in the electric held expression a correction 


term is needed 


2\\ . Because we are concerned with only the held on the superconducting 


ring, we can fix r and z becanse the ring lies at a fixed z and the radius r of the ring is also 
fixed. Then, the vector potential representing the LG^ beam on the snpercondncting ring 
can be written as (2]| 

A{ip, t) = + c.c., (3) 


where e is a Jones vector representing the polarization state of the beam, |2Ao| is the 
amplitude of the vector potential at the given r and z, and uj is the beam frequency. 

Now we obtain the interaction Hamiltonian of a superconducting ring perturbed by a LG 
beam. In our one-dimensional problem, the Hamiltonian relevant to the external LG beam 
is the kinetic Hamiltonian 


Hk = 


2m' 


'.\Pf Q (^ind T A(^ext)] j 


( 4 ) 
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where m* and q* are the mass and the charge of a Cooper-pair, respectively, ^dind is the 
indnced vector potential, and is the (^-component of Eq. (3). Ajnd is a state-dependent 

quantity, so it can be expressed as an operator. In a thin ring, Aind is related to such 
that Aind = {^/q*){Ls/Lt)p^ (2^. Using this relation and = {—ih/r){d/d(p) in Eq. (4), 
we obtain the interaction Hamiltonian 


H, = (Sa 


2m*rLT ' 2m* 

If the LG beam is linearly polarized along the x direction, the Jones vector in Eq. (3) is 
given by £ = X = f cos ip — ip sin ip, resulting in 


d \ 2 

+ ^<,5,ext 7^ 1 + 7 - -A„ 


( 5 ) 


= -Aosincpe ^.c. 


( 6 ) 


We derive selection rules caused by the external LG beam of Eq. (6). To do this, we 
calculate the matrix elements of Hj with the basis functions of Eq. (2), such that 

/*27r 


(ml Hr In) 




( 7 ) 


fc ATdr T 4r2 

(0| Hi |2) =- - -+ -^^*2gi(2a.-a;2.o)t 

^ ^ 2rm* Lt Am* ^ 


One can obtain the matrix elements of Eq. (7) by calculations. Instead of presenting all of 
the matrix elements, we focus on a small subset of the elements because our purpose here 
is to establish a qubit (a two-level system). We consider only the LGg beam (I = 1), the 
lowest mode of LG beams, for simplicity To establish a two-level system, we choose |0) as 
one level, so we hx |m) = |0) in Eq. (7). Then, non-zero matrix elements that can cause 
harmonic perturbations are obtained by 

Tic ^'k2 

( 8 ) 

IJj' ^lli 

(0| Hi |4) = - (9) 

and (2|.H/|0) = (0| .H/|2)*, (4|.H/|0) = (0|.H/|4)*, where u)n,m = — <-^m- Equations (8) 

and (9) show that there are three ways to make an exclusive Rabi oscillation between |0) 
and some other state. If we tune the frequency of the LG beam to be cn = 0 ^ 2 , 0 , |0) ^ |2) 
transition occurs via the first term of Eq. (8); a; = 0J2p/2 causes |0) -f-)- |2) transition via the 
second term of Eq. (8); oj = a;4^o/2 causes |0) -H- |4) transition via Eq. (9). Among these 
three, the strongest is the first term of Eq. (8) because, in a small harmonic perturbation, 
the |Ao| term is much larger than the |Ao|^ terms. 
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Now we choose qubit levels {|4-), |t)} of a superconducting ring. The ground state |0) 
should be |4,} (as we already chose) because it is nondegenerate so it is the easiest for state- 
preparation. To choose |t), let us adopt the strongest term (the first term of Eq. (8)) as the 
qubit-control means. Then, we set It) = |2). To apply resonant perturbation, the frequency 


of the LGq beam should be 


Eo — En 


2$2 


Because the energy-level spacings are well-separated, this resonant frequency exclusively 
transitions between |t) and |t). Although |2) and |—2) are degenerate, the LGj beam acts 


only between |0) and |2). To work with |0) and |—2), the LGq 


-1 


the exact resonance, the Rabi frequency is given by 

N*q* Lk 


n = 


|Ao|. 


beam should be used. At 


( 11 ) 


rm* Lt 

As usual in other qubit systems, arbitrary single-qubit operations can be achieved by ad¬ 
justing the beam intensity, duration, and the relative phase between the beam and the 
qnbit. 

Equations (8) and (9) provide a theoretical explanation of the previous experiments, 
where they used the LGq beam and observed Am = 2 transition in the vortex state of an 
atomic BEG jl4, 15]. Whereas the first term of Eq. (8) has nothing to do with neutral atoms, 
the second term can act on neutral atoms because the term contains so the term has 
the same effect on both a nuclens and electrons. Hence, dne to the second term of Eq. (8), 
the LGJ beam can make a resonant two-photon Raman transition in the vortex state of a 
BEG with the selection rule Am = 2. We suggest a new experiment to observe Am = 4 
transition by tuning the LGq beam frequency to a; = to exploit Eq. (9). 

The proposed qnbit is robust against radiative dissipation. To see this, let us investigate 
the evolution of a superposition state (l/-s/2) (|1) + jt)), which is nonstationary and can emit 
radiation. Eigure 3(a) is a polar plot illustrating the superelectron density distribution along 
the ring. With time, the self-Hamiltonian makes the distribntion rotate with a frequency 
uj2fi/2, maintaining its shape. Due to the symmetric shape of the density distribution, no 
dipole radiation arises. Only tiny high-order radiation will occur. In fact, any superposition 
state of |0) and |2) has a symmetric density distribution and has no electric dipole moment. 
This contrasts with a superposition state of |0) and |1), which has an asymmetric density 
distribution and a nonzero dipole moment, as shown in Eig. 3(b). Therefore, the fact that 
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the LGq beam makes us choose |0) and |2) as the qubit levels is a large advantage. No dipole 
radiation as well as no Josephson junction resistance should greatly extend the lifetime of 
the qubit. 


(a) 


(b) 




FIG. 3. Polar plots of Cooper-pair density distribution on a superconducting ring, (a) The su¬ 
perposition state (l/\/2) (|0) -|- |2)) has a symmetric density and no electric dipole moment, which 
prohibits dipole radiation during time evolution, (b) (l/\/2) (|0) -|- |1)) has an electric dipole mo¬ 
ment and emits dipole radiation. 

The external LG beam should penetrate the superconducting ring to a sulRcient depth to 
drive superelectrons in a coherent fashion. At an optical frequency, superconductors are no 
longer perfect conductors but behave as ordinary materials. They will reflect, absorb, and 
transmit a laser beam. For all of the superelectrons to feel the same external held coherently, 
many conditions must be fulhlled. First, the optical skin depth of the superconductor at 
the LG beam frequency should be larger than or at least comparable to the wire depth d. 
Second, d should be very small compared to the wavelength of the LG beam. Third, back 
rehection on the substrate should be minimized, so a transparent substrate is desirable. 
To fully address this issue, extensive research on both theory and experiment would be 
necessary. 

Two-qubit gates can be achieved through magnetic interaction because |t) = |2) has 
an induced magnetic hux and can act as external hux to the other qubits. We use sub¬ 
scripts a and b to denote two different qubits. By fluxoid quantization, each energy level 
\n)^ has supercurrent In,a = na^o/Lx- If we denote the mutual inductance between two 
superconducting rings by Wl, the magnetic interaction energy is given by 

H<xit = Wtln,aln,b = ^"nanbi^o/L t)"^ , ( 12 ) 
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where we used an approximation that assumes itself is not affected by the other qubit. 
In the proposed qubit levels, n is either 0 or 2. Hence, interaction energy arises only when 
both qubits are at |t). This type of interaction is of the Ising type (23| and can directly 
act as a controlled-phase gate. If the duration of the interaction is t, the controlled-phase 
is given by 0cp = H^t/h with = 2 in Eq. (12). Because a controlled-Z gate needs 

0cp = TT, the required time for a controlled-Z gate is 

whL% 


tcz — 




(13) 


One has to be able to control the mutual inductance to turn the two-qubit gate on and off. 
There have been several proposals to switch the two-qubit coupling by a switchable flux 
transformer [l, 3- Another approach is to use the interaction-free subspace of a logical 
qubit composed of two physical qubits 0 . These proposals can be applied to our flux qubit 
also. 

Let us now analyze the feasibility of the proposed qubit with some realistic design pa¬ 
rameters. In Fig. 2, we set r = 2 /im, w = 60 nm, and d = 10 nm (the London pen¬ 
etration depth and the optical skin depth of aluminum is about 50 nm and 7 nm |26l |. 
respectively). Because self-inductance is approximately given by Ls = Hqv [log(8r/a) — 2] 
(27l |. where /io is the vacuum permeability and a is the effective radius of the wire, we 
get Ls = 12.7 pH, whereas Lk = 2TTrm* /n*q*‘^wd = 18.6 pH with a typical Cooper- 
pair number density n* = 2.1 x 10^® m“^; therefore, the total inductance is approximately 
Lt = 31.3 pH. In that case, the wavelength of the LGg beam having a frequency of Eq. (10) 
is 727 nm. To estimate the Rabi frequency of Eq. (11), we assume that the intensity of the 


t. Q, 


LGJ beam on the ring is equal to the average intensity used in the experiment of Ref. 
which was 6.6 x 10“^ W/cm^. This intensity corresponds to the vector potential amplitude 
|A.o| — 8.6 X 10“^^ kg • m/(s^A) in Eq. (6). With this |Ao|, Eq. (11) gives a Rabi frequency 
Q = 54 GHz. Mutual inductance is approximately given by fDl = /ro7rr^/(2d^) j27|, where 
dR is the distance of two rings in an coaxial configuration. If we assume d^ = 0.1 mm, 
Wl = 3.2 X 10“^ pH and the controlled-Z gate time will be fez = 0.6 ns by Eq. (13). 

State preparation and qubit readout can be performed by techniques developed for pre¬ 
vious superconducting qubits. Increasing the temperature above the critical temperature 
makes the supercurrents lose their energy and go to the zero-current state. Next, decreasing 
the temperature would simply prepare the superconducting rings at the ground state. For 









qubit readout, SQUID can measure the proposed qubit because the qubit is a flux qubit. 

We have considered only linearly polarized LG beams, whereas circularly polarized LG 
beams can bring about different selection rules. For right-circular polarization, the Jones 
vector is £ = (l/-\/2) {x — iy) = (l/\/2) (f — i0) so that Eq. (6) is replaced by 


A. 


■(p,ext I 


((p, t) = —^ + c.c. 

V2 


(14) 


This form of the vector potential eliminates the second term of Eq. (8). Only the first 
term of Eq. (8) survives with a slightly different coefficient. Thus, if we use a LGq beam 
with right-circular polarization, two-photon resonant process is suppressed, while |0) |4) 

transition of Eq. (9) still exists. If we use a LGj beam with left-circular polarization, all 
the off-diagonal matrix elements of Eq. (7) vanish, so it cannot be used to manipulate the 
proposed qubit. 

In conclusion, we showed that Josephson junctions can be eliminated in a superconduct¬ 
ing qubit if we adopt the orbital angular momentum of light as a qubit-control means. The 
feasibility analysis showed that very fast qubit manipulation can be achieved in realistic 
design conditions. The lifetime of the proposed qubit is extended due to the lack of junction 
resistance and dipole radiation. Without Josephson junctions, the fabrication process is 
simple and the deviations in the characteristics of each qubit can be improved. Because the 
qubits are controlled optically, the number of external circuits needed in the superconduct¬ 
ing qubits is reduced. Since off-chip parts of the external circuits have been a significant 


decoherence source 


28l | , it is expected that a fewer-circuit scheme should have the advantage 


of extended decoherence time. 
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